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ABSTRACT 

The process system operating limits of the MIT Reactor 
redesign (MITR-IJ.) are based on measurable parameters, i.e., 
primary coolant flow rate, bulk outlet temperature, and reac- 
tor power. The limits are conservatively established to main- 
tain the fuel plate clad surface temperature at the hot spot 
below 250°F. Operation of the reactor within these limits is 
intended to preclude any possibility of boiling in the core. 

The nuclear properties of the reactor are examined first to 
determine the power production within the reactor and within 
a single fuel element. 

Emphasis of this study focuses on the hottest element and, 
further, the hottest fuel plate. Attention is given to the 
effects of control rod height on the relative variations in the 
radial and axial neutron flux and power density distributions. 
The coefficient of convective heat transfer at the fuel plate 
surface is evaluated. Engineering hot channel factors are also 
included in the calculations to account for departures from 
nominal design resulting from fuel element manufacturing 
tolerances and uncertainties in power, flow, and heat transfer 
measurements. Consideration is also given to the flow rate of 
the secondary HpO coolant from the cooling towers necessary to 
remove the reactor heat load. 

Under the most adverse operating conditions, limits of 
1800 GPM minimum primary coolant rate, 155°E maximum bulk out- 
let temperature, and 6 megawatts maximum reactor power are 
established. These are the limits such that the reactor could 
be safely operated with these parameters simultaneously 
approaching their limits and still fulfill the criterion that 
no boiling occur in the core. 

Thesis Supervisor: David D. Lanning 

Title: Professor of Nuclear Engineering 

Thesis Supervisor: James V/. Gosnell 

Title: Assistant Professor of Nuclear Engineering 
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Since its completion in the Spring of 1958, the MIT 
Reactor has served as a vital educational and research 
facility for the Massachusetts Institute of Technology and 
the scientific community. Based on technical obsolescence, 
however, it was predicted that the reactor life wo uld be 
approximately ten years. Consequently, a redesign group was 
formed to consider renovation of the reactor to make it more 
technically competitive with newer reactors which have been 
designed and built since the MIT Reactor. The general 
methods and procedures for carrying out such a renovation 
were inherent in the original reactor design and have been 
active for approximately two years to permit the introduction 
of a new type of core unique to this reactor, designed to 
increase the available neutron fluxes in the experimental 
facilities by a factor of somewhere between three and five. 

The redesign section of the reactor is almost entirely 
confined to the upper plug section and the core tank section 
of the original design. In the redesign, as shown in Figure 
1.1, the core is light water cooled and moderated, and the 
moderator for the reflector is heavy water as was the case in 
the original reactor. The hexagon shaped core (see Figure 
2.l) is contained in a cylindrical aluminum tank with the 
annular space between the hexagon and the cylindrical tank 
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VERTICAL SECTION THROUGH MITR-H 



FIGURE l.t 
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used for the light water entrance channels. Six flat plate 
control rods are located around the core between the fuel 
and the D 2 0 reflector. 

One of the primary purposes for redesigning the MITR 
was to accommodate a compact core configuration in order to 
obtain large thermal neutron fluxes in the beam tube near 
the bottom of the reactor core. Almost by definition, the 
achievement of a high thermal flux in the reflector at the 
beam tube will be accompanied by a sharply increasing flux 
gradient near the bottom of fuel plates. The lower portion 
of the fuel plates will consequently have a high power 
density. It, therefore, becomes imperative that the power 
density in the core does not exceed such limits as to cause 
boiling within the core. Hence, the objective of this study: 
determine, on the basis of experiments and theoretical calcu- 
lations, the process system operating limits of the MIT 
Reactor redesign (MITR-II). 

The redesign basis for the MITR-II evolved around the 
thermal hydraulic characteristics of the fuel element from 
the requirements that the installed primary coolant pumps 
and heat exchangers are to be used, and that the reactor is 
to operate at a power level of five megawatts without boiling 
in the core. To allow for some latitude for the operation of 
the reactor, it is necessary to establish limits on the 
measurable reactor operating parameters, i.e., minimum 
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coolant flow rate, maximum bulk outlet temperature, and maxi- 
mum reactor power. The process system safety limits define 
these parameters such that the reactor can safely operate 
with these parameters simultaneously approaching their 
limits and insure that no boiling of any type will occur 
within the core. 



Chapter 2 

DESCRIPTION OF THE MIT REACTOR 
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2. 1 General 

The MITR-II is a light water cooled and heavy water 
reflected reactor for research and educational purposes at 
the Massachusetts Institute of Technology. The reactor 
will be operated at power levels up to five megawatts, 
although the nuclear and structural design anticipates 
that higher power levels are possible. 

2.2 Core 

The reactor core is a hexagon, 13.3 inches across the 
flat as shown in Figure 2.1. It consists of three concen- 
tric hexagonal rings of fuel with 15 elements in the outer 
hexagon, 9 elements in the next hexagon, and 3 elements in 
the center. Each of the 27 tightly packed elements consists 
of 15 fuel plates held by aluminum side plates in a rhombic 
shape as shown in Figure 2.2. The core height is approxi- 
mately 29 inches. 

The inner hexagon ring containing 3 elements is 
surrounded by a fixed, hexagon shaped, aluminum clad cadmium 
shim located at the inner edge of the hexagonal rib. This 
thin plate absorber will be placed into a hexagonal shelf 
extending down from the top of the core l4 inches. 

The outer two hexagon rings containing 24 elements is 
divided into three identical regions. Each region is 
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flanked by aluminum clad cadmium absorber plates located in 
slots in the radial ribs of the core support structure. 

These plates, also, extend down from the top of the core l4 
inches. At the outer edge of each region are located two 
movable shim blades, for a total of six blades, in slots 
around the edge of the hexagonal core support structure. 

A regulating rod is located in one of the small holes 
at the corner of the core support structure and is located 
generally toward the thermal column side. 

The core hexagonal support structure is connected to 
an upper tank 4 feet in diameter and approximately 7 feet 
high, and is mounted on its own flange and bolted to an ex- 
tension near the neck of the core tank. It serves as the 
support for the core itself and for the essential part of 
the control rod mechanisms. In addition, the support is 
the alignment plate for the control blade mechanisms and all 
key components of these systems are bolted to work through 
this single structure. The weight of this unit is carried 
by the upper tank. 

2. 3 Fuel Elements 

The MITR-II fuel elements, shown in Figure 2.2, are 
specially designed and fabricated for the high flux, dense 
geometry core. As indicated in the drawing, the element is 
rhombic in shape with a total width along the side of the 
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M/TR-JI FUEL ELEMENT 
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flat of 2-1/2 inches. The overall length including the end 
nozzles is 29-1/2 inches. The fuel element consists of 15 
straight fuel plates assembled between two grooved side 
plates which are 0.188 inch thick and 2.500 inches wide. 

The fuel bearing plates are 0.090 inch thick with longitudin- 
ally milled coolant fins on both sides so as to produce a 
20 mil land, 20 mil groove and 20 mils in depth. The overall 
dimensions of the fuel-bearing plates are 2.220 inches 'wide, 
24.625 inches long, and they are spaced 0.140 inch apart to 
form 16 cooling water passages 0.050 inch wide. The spacing 
is maintained by grooves in the side plates and the end noz- 
zles which are designed to provide structural rigidity for 
the element. Each element has an end nozzle at either end 
and is completely reversible, allowing it to fit into the 
lower matrix and to mate with the upper hold-down grid. 

The fuel element contains 240 +4.8 grams of U-235. In 
any individual plate, the amount of U-235 does not exceed 16 
+ 0.48 grams. Each plate contains a core of approximately 
93$ enriched uranium alloyed v. T ith pure aluminum. This core 
is 23-1/4 + 3/l6 inches long, 1-3/4 + 1/16 inches wide, and 
0.020 inch thick and is clad on all surfaces with 6061 alu- 
minum alloy. The minimum thickness on the face plate is 
0.015 + 0.001 inch with a permissible scratch depth of 0.003 
inch. The minimum amount of aluminum cladding the nearest 
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edge of the core alloy and the edge of the fuel plate is 
0.204 inch. 

2.4 Control Rods 

The MITR-II contains six shim safety blades, a single 
fine regulating rod, 3 fixed flat neutron absorbers located 
in the radial ribs of the core support structure, and a 
hexagonal shaped fixed shim located at the inner edge of the 
hexagonal rib surrounding the three inner fuel elements, all 
shown in Figure 2.1. The purpose of these various absorbers 
is to maximize the flux and power densities in the lower 
half of the core and to give ease to nuclear control. The 
shim blades are arranged symmetrically with respect to the 
core, while the regulating rod is located in one of the small 
circular holes at the corner of the hexagonal core structure. 

Each shim blade consists of a rectangular plate of 40 
mil cadmium clad with 6oSl aluminum for a total thickness of 
1/4 inch, and is attached to an arm. This a.rm, in turn, is 
attached to a weighted member of low hydraulic cross section 
which operates in a guide tube bolted to the inner core 
structure plate. The blades are raised through a magnetic 
coupling by motors situated just below the top deck plate. 
Loss of magnet current causes the heavy member and the 
attached control element to drop. As the control blade 
moves downward into its flat slot, water in slot exits 
through holes at the corners of the water release from the 
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bottom of the guide tube for the carrier rod. 

Preliminary calculations indicate that the total reac- 
tivity worth of the movable neutron absorbers is approxi- 
mately: 

Shim blades: 14.5 P (See Appendix A) 

Regulating rod: Less than 1.0 P 

The maximum possible variable excess reactivity for five 
megawatt operation will be limited such that the reactor 
can always be kept in a shutdown condition with only four of 
the six shim blades inserted. 

The fixed absorbers extend down from the top of the 
core about 14 inches. Each absorber is cadmium sheathed 
with aluminum, and each is held down completely by the upper 
core hold-down grid. The primary purpose of these fixed 
absorbers is to insure that the reactor can go critical and 
can operate at the desired power level and flux distribution. 
2 . 5 Primary Coolant System 

The HgO primary system, as shown in Figure 2.3, 
is used as a coolant and moderator in the MITR-II. The 
system consists of a single loop which contains two paral- 
lel pumps, two parallel heat exchangers and associated 
valves, piping, and instrumentation. The pumps and heat 
exchangers may be operated singly, in parallel, or cross 
connected. The main suction and discharge lines to the 
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reactor tanks each use an 8 inch pipe so only two pipe 
runs and two tank penetrations are needed. 

Starting at the pumps, light water is pumped through 
single stage, horizontally mounted, stainless steel centri- 
fugal pumps rated at 1200 GPM at a head of 80 feet and is 
powered by a 40 HP motor. Normal discharge pressure 3 s 55 
psi. The discharge from the pumps goes to the tube side of 
the main heat exchangers. The heat exchangers are composed 
of 885 tubes of 3/8 inch O.D. and is of the single pass 
type. The tubes are 18 BWG thick and are constructed of 
stainless steel. They are mounted on a 1/2 inch square 
pitch and are l4 feet, 2 inches long. The outside area of 
the tubes is approximately 1230 square feet. The shell is 
18 inches in diameter and incorporates 9 baffles. It is 
designed for a free flow area of 67 square inches. The 
pressure at the outlet of the tube side of the heat exchangers 
is 43 psi, and each heat exchanger has a nominal capacity of 
3 x 10 6 BTU/hr . 

The 6 inch lines leaving the heat exchangers join into 
a single 8 inch line, containing a flow nozzle and, down 
stream near the inlet plenum, an anti-syphon valve that pre- 
vents emptying of the core tank in case of rupture to the 
main inlet line. The pressure at the inlet plenum is 23 psi. 
The inlet plenum is designed to give a fan shaped plume 
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entering the annular space between the core tank and the 
core support shroud tank. The flow then moves downward to 
the core tank and is then directed up through the core and 
into the shroud tank toward the outlet plenum where it is 
drawn through the outlet line to the suction side of the 
main coolant pumps. The pressure drop across the core is 
approximately 8 psi at the flow rate of 80.9 GPM per element 
(2200 GPM, total). The pump suction pressure is 8 psi. 

2.6 DgO Reflector 

The moderator for the reflector is heavy water as was 
the case in the original MIT Reactor. The DgO is contained 
in a 4 ft. diameter tank, which also contains re-entrant 
thimbles for the horizontal beam ports. A single large pipe 
from the heavy water tank permits rapid dumping of the heavy 
water reflector, providing a secondary safety feature for 
shutdown. Plow of D^O iftto the reflector tank is provided 
by means of the large pipe which contains the dump valve 
provision. The exit pipe and the external system, which 
will include a pump and small heat exchanger, will be of 
relatively small size as it is anticipated that not more 
than 250 kilowatts will be deposited (generated) in the D^O 
reflector. 

2.7 Secondary Coolant System 

The secondary HgO coolant system is designed to remove 
the heat load from the reactor core and reflector primary 
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coolant as well as the heat load from the shield and experi- 
mental primary coolant. The system contains the pumps, 
piping and valves, heat exchangers, cooling towers and all 
instrumentation necessary to insure safe operation under 
all anticipated conditions. Operation at power levels 
greater than 2 megawatts require that two secondary H^O 
pumps and heat exchangers be run in parallel. 

Cool secondary H^O is taken from the basin of the two 
cooling towers through a common 10 inch pipe penetrating the 
containment shell into the equipment room where the flow 
again separates to the two pumps. These pumps discharge to 
the shell side of the two main heat exchangers as well as to 
the D^O reflector heat exchanger, the shield coolant heat 
exchanger, and the experimental coolant heat exchanger. 

The exit flow from all the heat exchangers combines in a 
single 10 inch pipe which leads out of the containment shell 
and then separates into the return lines for each of the two 
cooling towers. 

The cooling tower is provided with a bypass valve so 
that the amount of water fed to the spray top of the cooling 
towers for evaporation is continuously variable from zero to 
full flow. Varying the amount of water being bypassed from 
the top to the basin controls the equilibrium temperature of 
the entire system during different seasons of the year. 
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2 . 8 Reflector Coolant System 

The reflector coolant system Is designed to remove 
the heat deposited in the heavy (D^O) water reflector and 
to maintain a high purity of heavy water. The system con- 
sists of a water pump, heat exchanger, piping and valves, 
and associated instrumentation for operation. Suction is 
taken directly from the reflector tank, and then pumped 
through the D^O reflector heat exchanger where heat is 
transferred to the secondary H^O coolant. The heat exchanger 
discharge is through an 8 inch dump line above the dump 
valve and up through the dump line to the reflector tank. 

The heavy water cleanup loop is designed to insure a 
constant heavy water reflector level during normal operation 
and to maintain the heavy water inventory at a high purity. 
The heavy water is kept pure by using two filters and a mixed 
bed ion exchanger with associated piping, pump, valves, heat 
exchanger and associated instrumentation. 

2.9 Shield Coolant System 

The shield coolant system removes heat deposited in the 
lead thermal shield which surrounds the graphite reflector 
and thermal column. For cooling purposes, the thermal 
shield is divided into four separate regions, each with two 
sets of stainless steel coils embedded within. Only one 
coil in each region is used for heat removal, the second 
coil acting as a spare. 
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The system uses demineralized water supplied by an inte- 
gral distilled water storage tank. The heat exchanger, which 
transfers heat to the secondary HgO coolant system, is of a 
double pass type with 438 U-shaped tubes with a total length 
of 3 ft., 1/4 inch I.D. and 24 gage thick. A centrifugal 
pump is used for circulation and an ion column is used to 
maintain a high purity of distilled coolant water. 

The above paragraphs outline the properties of those 
sections of the MITR-II with which this paper is primarily 
concerned . 



Chapter 3 

POWER PRODUCTION DISTRIBUTION 
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Introduction 

The objective of the work described in this section 
was to determine the power production distribution within 
the core as a whole and within a single fuel element. The 
general method followed was to investigate the neutron flux 
distribution and the power production by using available 
mathematical models and computer programs. The calcula- 
tions described in this section are based upon the power 
density distributions determined by A.K. Addae (_1_) using 
the EXTERMINATOR-2 ( 2 ) computer code. 

This analysis procedure first homogenizes the core in- 
to a two- dimensional, cylindrical array and determines the 
properties at the various points within the reactor array. 
Three neutron energy groups and the homogenized properties 
were used in the EXTERMINATOR-2 code to determine the rela- 
tive variations in neutron fluxes and power density distribu- 
tions from which the location of the hottest element is found 
and the relative magnitude of its heat generation established. 

In this section the methods are described for shifting 
from the homogeneous model to the heterogeneous reality, the 
value of the heat flux distribution among the plates of the 
element is then established for a total reactor power of six 
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megawatts, and the hottest fuel plate is found and its 
power distribution calculated. 

3 . 1 Homogenized Core Properties 

Homogenization of the reactor is accomplished, assuming 
a cylindrical geometry, by dividing the reactor into HQbk 
regions.. The regions are formed by dividing the axial height 
into 5 ^ rows and the radial distance into 36 concentric 
annular rings; the divisions in either the axial or radial 
directions are not necessarily equal . The core itself takes 
up 25 rows and 9 annular rings, the remainder of the regions 
accounting for the reflector, shield, and structural members 
(e.g., the reflector tank). 

A partial listing of the input data necessary for the 
EXTERMINATOR -2 is given below; 

Number of groups 
Microscopic cross sections 

Radial and axial mesh spacing for each region 
Nuclide concentration 
Region composition 

From the input, the macroscopic cross sections, diffusion 
coefficients, and scattering matrix is computed for each 
group and composition. The number of reactions, e.g., 
absorptions, productions, fissions, and scatters, is also 
given for each group and composition. 



The calculation of reactor power must begin with an 
analysis of the energy released in the fission of U-235. 
The total energy released in the fission of U-235 may be 
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expressed as 

E - 193.8 + E c (Mev) . 

The value of 193.8 Mev/fission is obtained from the generally 
accepted distribution of fission energy of U-235 (_3_) ; see 
Table 3.i. E c is the energy released per fission resulting 
from neutrons being captured in the materials of the reactor. 



Table 3.1 

DISTRIBUTION OF FISSION ENERGY : U-235 

Source Mev/Fi sslon 

Kinetic energy of fission fragments 168.0 

Kinetic energy of fission product decay P's 7.0 

Kinetic energy of fast (fission neutrons) 5.0 

Prompt gamma rays 7.8* 

Fission product decay gammas 6 . 0** 

Total 193.8 



*6.48 - 1 Mev photons 1. 17 - 3 Mev photons, 0.l4 - 5 Mev 
photons, and 0.01 - 7 Mev photons ( 4 ) 

**6 - 1 Mev photons ( 5 ) 

There is also approximately 11 Mev of neutrino energy per 
fission which accompanies the p decay, but this energy is 
not recoverable by the reactor. 
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The value of E c depends upon the amount of type of 
materials in the reactor. The EXTERMINATOR -2 output in- 
cludes the macroscopic cross sections from which we can 
determine the energy released (per fission) per neutron 
captured by considering the following: 

Energy _ Energy v ^capture ( nuclide ) 

Fission Capture x X . . . ~ ( c ompos it ion / x 

nuclide aDSorpuion 

No. of absorptions in compos it ion 
total number of fissions 

Table 3.2 lists the capture gamma energies of the various 
MITR-II materials. The capture cross section of D^O is 
quite low and has been neglected in these calculations. 

The Q-value for the B' (n,a)Li reaction is 2.792 Mev ( 6 ) ; 
the ratio of absorptions in the boral to the total number of 

fissions is 0.101^4, yielding 0.283 Mev/fission from the 

* 

(n,a) reaction. 

Table 3.3 lists the energy per fission released for 
each material in the reactor. The total energy released per 
fission is equal to 

E = 193.8 + 12.78 = 206.58 Mev/fission. 

3.2 Radial and Axial Flux Variations 

Figures 3.1 and 3.2 show the thermal flux distributions 
for shim blade heights (from bottom of core) of 11.70 inches 
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Table 3.2 

CAPTURE GAMMA ENERGIES OF MITR-II MATERIALS 
Material 



A1 (_7J 
U-235 (_8_) 

H 2° (JL) 

Cd (10) 

Graphite ( 11) 
Boral (_12) 



Photon Energ y 

1 Mev 
3 

5 

7 

1 

3 

2 
1 
3 
5 
7 
5 
1 



Energy/Capture 
3.252 Mev 
2.323 
1.834 

2.095 
0.8 
6. 0 
' 2.22 
3.761 
3.801 
1.263 
0.212 

4.95 
0.48 



Total 

Energy /Capture 



9.054 Mev 

6.8 

2.22 



9.043 
4.95 
0 . 48* 



10 7 

*Does not include the B (n,a)Li reaction. 
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Table 3.3 

CALCULATED ENERGY RELEASED PER FISSION 
FOR EACH NEUTRON CAPTURED 



Material 




Mev/Fiss ion 


U 


4.75 


(capture gamma only) 


A1 


3.98 




Boral 


0. 33 


(includes both (n,a) and 






(n,7) energies) 


Graphite 


0.20 




Cd 


2.87 




h 2 o 


0.65 





Total 12.78 
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and 6.70 inches respectively for the reactor operating at 
six megawatts . It is important to note that as the control 
rods are lowered, higher fission densities occur in the 
lower, active portion of the core. 

A considerable portion of the fission neutrons leak 
from the core into the heavy water reflector where they are 
slowed down resulting in the thermal neutron flux being a 
maximum in the reflector near the core edge. The power - 
distribution, therefore, peaks at the edge of the core. 

A basic formula for power in a homogenized core is 



This constant was computed .by using a fission yi eld of 206 . 58 
Mev which includes 12.5 Mev/fission of capture gammas as 
calculated in the previous section. The macroscopic cross 
section, is known to be zero everywhere except in the 

fuel regions. The integral may therefore be approximated by 
a summation over the individual fuel regions. 



P = K 




vol 



where 



K = 3.3095 x 10 



-17 Mw-sec 
fission 



n " 3 = 

P = K Z(H f 0. , )V. . 

*=1 ■i-'i -M-i 1 J 1 



i=l 0=3 
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Figure 3 . 1 



THERMAL NEUTRON FLUX (N/CM l -SEC) 
SHIM BLADE HEIGHT i f 1.10 IN. 
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Figure 3 . 2 



thermal neutron flux (n/CM z -SEc) 

SHIM BLADE HEIGHT l 6.70 IN. 



